3 Purpose: The aims of this study were to investigate the contribution from maximal speed (V max ) 4 and %V max to the finish-sprint speed obtained in a cross-country (XC) sprint in the classical and 5 skating style, as well as the coinciding changes in kinematic patterns, and the effect of pacing 6 strategy on the %V max . Methods: Twelve elite male XC skiers performed two 80-m V max tests on 7 flat terrain using the classical double poling and skating G3 techniques, followed by four simulated 8 1.4-km sprint time-trials, performed with conservative (controlled start) and positive (hard start) 9 pacing strategies in both styles with a randomized order. In all cases, these time-trials were 10 finalized by sprinting maximally over the last 80-m (the V max -section). Results: 85% of V max was 1 1 obtained in the finish-sprint of the 1.4-km competitions, with V max and %V max contributing 12 similarly (R 2 =51-78%) to explain the overall variance in finish-sprint speed in all four cases 13 (P<0.05). The changes in kinematic pattern from the V max to the finish-sprint included 11-22% 14 reduced cycle rate in both styles (P<0.01), without any changes in cycle length. A 3.6% faster 15 finish-sprint speed, explained by higher cycle rate, was found by conservative pacing in classic 16 (P<0.001), whereas no difference was seen in skating. Conclusions: The V max ability and the 17 %V max contributed similarly to explain the finish-sprint speed, both in the classic and skating styles, 18 and independent of pacing strategy. Sprint XC skiers should therefore concurrently develop both 19 these capacities, and employ technical strategies where a high cycle rate can be sustained when 20 fatigue occurs. 21 22
Design 81 Initially, all skiers were tested for VO 2max and maximal heart rate (HR max ) on two separately days. 82 Thereafter, two 80-m V max -tests were performed in a rested state on flat terrain while skiing with 83 the classic (DP) and skating (G3) techniques. This was followed by four 1.4-km sprint time-trials 84 (STTs) with conservative (controlled start) vs. positive (hard start) pacing strategies in both XC 85 skiing styles (based on their own perception of intensity) in a randomized order. These were all 86 finalized by sprinting maximally over the last 80-m (the V max -section). Here, speed was tracked 87 with a global navigation satellite system (GNSS) with integrated barometry and accompanying 88 heart rate (HR) monitor, and the V max -section was monitored by photocells and video. The snow 89 friction and weather conditions were stable throughout the entire test day, with light-wind, light-90 snow, partly cloudy, air temperature of -3°C, 60% humidity and atmospheric pressure of 933.6 ~9 1 hPa. The course was covered with hard-packed mixed snow and was machine-prepared in the 92 morning prior to testing. 93 94 F o r P e e r R e v i e w 5 108 cycles in order to determine cycle rate and cycle length, and video data obtained were analysed 109 using an open-license motion-analysis software (Kinovea version 0.8.15 for Windows). 110 111 The V max -tests were performed in a rested state on flat terrain using the classic (DP) and skating 112 (G3) techniques, each separated with 5-min of light activity. Prior to testing, the skiers warmed-up 113 according to their own individual program and were instructed to prepare and use their own ski 114 equipment for the prevailing conditions including grinds, structure and waxing. A self-selected 115 run-in, started from section 5 (S5; Figure 1 ) in order to reach the highest possible speed when 116 entering the V max -section. A 10-min recovery period followed the V max -tests before each skier was 117 instructed to perform two randomized STTs with conservative vs. positive pacing strategies using 118 the classic (DP) and skating styles with 20-min rest in between. The skating techniques were freely 119 chosen by the skiers, except in the finish-sprint, where the skiers were asked to use the G3 skating 120 technique. BLa was collected at rest and immediately after the STTs together with RPE for the 121 total course and RPE for the separate terrain sections (uphill, flat and downhill). Each STT had 1-122 min start intervals where drafting was prohibited to avoid the potential of skiers saving time and 123 energy by drag. 124 125 We ensured GPS fixing, minimized inaccuracies, and determined course and elevation profiles 126 with a Garmin Forerunner 920XT (Garmin Ltd., Olathe, KS), which was used to define a reference 127 course, as previously described by Sandbakk et al. 24 Furthermore, each skier wore the same Garmin 128 GPS during the STTs that collected position and HR data at a sampling rate of 1 Hz. The course 129 was 1385-m, with varied topography based on a course profile divided into uphill, flat and downhill 130 that made up 38, 19 and 43% of the course, respectively. The course was divided into 6 different 131 sections (S1-S6), according to terrain topography ( Figure 1 ). The maximal difference in elevation 132 was 24-m with a total climb of 38-m for the entire course. The time each skier spent in a section 133 was calculated based on virtual split times. Speed for each section was calculated by dividing the 134 length of a section by the time elapsed within that section. 135 136
Figure 1 137 138 Temporal patterns for classic (DP) and skating (G3) techniques were determined in the V max -139 section during the V max -tests and in the end of the STTs. The cycle rate was based on frame by 140 frame video analysis and calculated from the time between every second pole plant of the left pole 141 for both styles. Cycle length was calculated as the average speed multiplied by the cycle time and 142 the cycle rate was calculated as the reciprocal of cycle time. 143 144
Statistical Analysis
145 All data were checked for normality with a Shapiro-Wilks test and are presented as means ± 146 standard deviation. In cases where they were not normally distributed, a nonparametric alternative 147 was used. For V max in classic and skating the coefficients of variation (CV) were <2.1% and the 148 intraclass-correlation coefficients (ICC) >0.96. Correlations between the various parameters were 149 analysed using Pearson's product-moment correlation coefficient test or its nonparametric 150 counterpart, Spearman rank rho correlations, and simple linear regression was used to draw trend 151 lines. A paired-samples t-test or their nonparametric counterpart, Wilcoxon matched pairs signed-152 ranks tests, were used to test for differences between conservative and positive pacing strategy 153 using classic and skating XC skiing styles. Photocells failed to register the finish-sprint for some F o r P e e r R e v i e w 6 154 of the skiers because of precipitation and caused missing data with conservative pacing in classic 155 (n=1), conservative pacing in skating (n=2) and positive pacing in skating (n=3), respectively. We 156 ran all analyses with the maximum number of available participants in each case. However, the 157 possible influence of missing data on the descriptive data presented and the statistical analyses 158 were checked, in which close to identical values were found and none of the statistical outcomes 159 or conclusions were influenced. Statistical significance level was set at P < 0.05. All statistical tests 160 were processed using IBM SPSS statistics version 24 Software for Windows (SPSS Inc., Chicago, 161 IL, USA) and Office Excel 2016 (Microsoft Corporation, Redmond, WA, USA). 162 163 164 165
Results
166 The skiers' mean speed in the V max -test on flat terrain was 9.3±0.6 and 10.3±0.6 m s -1 for classical • 167 and skating XC skiing, respectively, with a mean speed difference between classical and skating 168 of 9.9% (P<0.001). This speed difference was reflected in a significantly longer cycle length for 169 skating compared to classical: 7.0±0.6 vs. 6.1±0.6-m (P<0.05), whereas no significant difference 170 in cycle rate (1.48±0.09 vs. 1.54±0.12 Hz) was seen between the two styles, respectively. The mean 171 speed during the 1.4-km STT was 5.9±0.3 vs. 6.1±0.4 m s -1 for classical and 6.8±0.3 vs. 7.0±0.5
• 172 m s -1 for skating XC skiing, using conservative and positive pacing, respectively. The positive • 173 pacing resulted in a significantly faster mean speed for the total course compared to the 174 conservative pacing in classic (P<0.05; Figure 2 and Table 1 ), whereas no difference was seen 175 between the strategies in skating ( Figure 3 and Table 1 ). A comparison between classic and skating, 176 indicates a 14.2% difference in racing speed, for both pacing strategies, respectively (P<0.001). 177 The mean speed was significantly faster in the first flat section (S1) and uphill section (S2) with 178 positive pacing as compared to the conservative strategy in both styles (P<0.05; Figure 2 and 3). 179 This speed difference gradually levelled out in the subsequent terrain sections, and no significant 180 difference was seen between the strategies in the rest of the course. A difference in HR between 181 the two pacing strategies was only found in classic, with significantly higher mean and peak values 182 (%HR max ) for the positive pacing as compared to the conservative pacing strategy (P<0.05; Figure  183 2 and Table 1 ). However, no significant difference was seen between the skiers' peak BLa level 184 after the STT in either style. On the other hand, the skiers rated their own perception of exertion 185 significantly higher in both styles for the total course and in all sections of terrain with positive 186 pacing as compared to the conservative pacing strategy (P<0.05; Table 1) (Figure 4) . The speed in the finish-sprint was 3.6% faster with the conservative 195 pacing as compared to the positive pacing strategy in classic (P<0.001; Table 1 ). Although the % 196 difference in finish-sprint speed between pacing strategies were the same for skating ( The correlations between the finish-sprint speed vs. V max and %V max are presented in Figure 5 and 211 6, respectively. Both the skiers' V max and their ability to utilize the %V max were positively 212 correlated with the speed obtained in the finish-sprint (all P<0.05; Figure 5 and 6). The correlations 213 between skiing kinematics and finish-sprint speed revealed that the skiers' cycle rate in classic 214 correlated positively with the finish-sprint speed using conservative (r = 0.82, P=0.01) and positive 215 pacing strategy (r = 0.60, P=0.05), respectively. Conversely, the skiers' cycle length in skating was 216 positively correlated with the finish-sprint speed using conservative pacing (r = 0.76, P=0.05), and 217 a trend was found for positive pacing (r = 0.65, P=0.056), respectively. Furthermore, when looking 218 into the reduction in speed obtain in the finish-sprint compared to V max , a trend was found between 219 the reduction in cycle rate and the reduction in finish-sprint speed in classic using conservative and 220 positive pacing strategy (r = 0.55 and 0.52, respectively, both P=0.08). In contrast, a trend was 221 observed for the reduction in cycle length and the reduction in finish-sprint speed in skating using 222 conservative (r = 0.63, P=0.052) and positive pacing strategy (r = 0.61, P=0.08). 
Discussion
228 The present study investigated the contribution from V max and %V max to the finish-sprint speed 229 obtained in a simulated XC sprint competition in the classical and skating styles, as well as the 230 coinciding changes in kinematic patterns and the effects of pacing strategy. The main finding were 231 that elite XC skiers obtain 85% of their V max in the finish-sprint of a 1.4-km STT, with a relatively 2 32 equal contribution from V max and %V max to the overall variance in finish-sprint speed in both styles 233 and pacing strategies. These reductions in speed were explained by 11-22% reduced cycle rate in 234 both styles, without any changes in cycle length. 235 236 The current results show that elite male XC skiers obtained 85% of their V max in the finish-sprint 2 37 of a simulated sprint race on snow. This is in line with comparable investigations on rollers ski and 238 ski, 18,19 where 85% of V max was obtained in the finish-sprint among elite sprint skiers. Furthermore, 239 in a simulated 1.4-km skating STT on snow, 25 the skiers utilized 80% of their V max with the G3 2 40 skating technique during the last 20-m before the finish line. However, in the latter approach skiers 241 aimed to ski as fast as possible throughout the entire track, and were not instructed to have a 242 maximal finish-sprint speed as done in the current study. In the present study, we also examined 243 the contribution from V max and %V max to the finish-speed after the sprints and found that V max 244 explained 51-72% and %V max 54-78% of the overall variance in the finish-sprint speed across the 245 different conditions. This clearly indicates that both factors are of high and relatively equal 246 importance for being fast in a finish-sprint of a race both in the classical and skating styles. Overall, 247 our results demonstrate that XC skiers need to concurrently have a high V max ability and, at the 248 same time, an ability to utilize a high fraction of V max at the end of a race when being fatigued. 249 This applies both to classic and skating, and in the cases of both conservative and positive pacing 250 strategies. 251 252 The reduction in speed from V max to the finish-sprint were reflected in 11-22% reduced cycle rate 253 both in the classical and skating styles, whereas no significant reduction in cycle length occurred. 254 This is in line with findings from many other locomotion, e.g. athletic events, where fatigue is 255 mainly accompanied by reduced cycle rate. 26 In XC skiing, Zory et al. 15 256 showed a decrease in cycle rate when sprinting the finish-sprint at the end of simulated sprint races 257 with the classic (DP) and skating (G3) styles, respectively. Furthermore, Zory et al. 16 , showed that 258 some of the upper-body muscles were affected by fatigue, in a DP sprint on snow, an aspect that 259 might have contributed to decreased cycle rate also in this study. Additionally, the importance of 260 the leg muscles for rapid repositioning and thereby the ability to maintain a high cycle rate in DP 261 should also be considered. 9,27 262 Cycle rate in classic was associated with finish-sprint speed, and the magnitude of reduction in 263 cycle rate and the corresponding reduction in finish-sprint speed correlated significantly. In 264 contrast, the reduction in cycle length in skating tended to correlate with the reduction in finish-265 sprint speed. This difference between the classic and skating styles is shown for the first time here, 266 and is likely explained by the different constrains of the two skiing styles. In DP, the time for poling 267 is highly restricted by speed, 9 with the time for propulsion being as low as ~0.2 s at high speeds. 8 268 This makes production of propulsion and thereby the maintenance of cycle length challenging, an 269 aspect that may force skiers to reduce the loss of speed when fatigued by maintaining cycle rate. 5,28 270 In contrast, the skiers can push off when gliding in skating, and by adapting their angling of their 271 skis they are able to maintain push-off times even at very high speeds. This allows for a greater 272 possibility to manipulate cycle length in skating, and with this in mind, it is not surprising that the 273 best skiers are able to maintain the longest cycles in that technique. 29 Altogether, this difference 274 between classic and skating is of importance for coaches and athletes to be aware of, both when 275 aiming to increase V max and to prevent negative effects of fatigue on speed. 276 277 278 The finish-sprint speed and the ability to use a high %V max in the finish-sprint requires production 279 of high cycle rate and a concurrently long cycle length, which is dependent on the skiers' force and 280 power production. These factors may be influenced by the levels of fatigue associated with 281 different pacing strategies. [14] [15] [16] 19 In classic, the conservative pacing strategy used in our study 282 resulted in a 3.6% faster finish-sprint speed as compared to the positive pacing strategy. However, 283 in skating the finish-sprint speed did not reach statistical significance although the relative 284 difference was the same as for classic. However, cycle rate was lower with positive pacing as 285 compared to the conservative strategy in both styles, whereas cycle length was unchanged across 286 pacing strategies. While the influence of pacing strategy on the ability to sprint at the end of a race 287 is examined for the first time here, the large reductions in cycle rate with more fatigue (as shown 288 with BLa and RPE, which tended to be higher with positive pacing) may be explained by peripheral 289 fatigue as previously found by Zory et al. 14 Overall, we find an influence of pacing strategy on the 290 finish-sprint speed to be relatively small, but these small differences may be crucial for the final 291 outcome of a race. 292 293
Practical Applications 294 295 The current findings demonstrate that elite XC skiers are able to sprint at approximately 85% of 296 their V max in a finish-sprint at the end of a XC skiing sprint race, with relatively equal contributions 297 from skiers' V max and their ability to utilize a high fraction of V max . This main pattern was 298 independent of XC style and pacing strategy, with the main factor leading to reduction of speed 299 being reduced cycle rate. Based on these findings, we would advise sprint XC skiers to concurrently 300 develop both these capacities, and to employ technical strategies where a high cycle rate can be 301 sustained when fatigue occurs. However, while faster skiers were able to maintain a higher cycle F o r P e e r R e v i e w 10 302 rate in classic, in skating, the skiers' cycle length differentiated faster from slower skiers. Although, 303 the influence of pacing strategy on the finish-sprint speed was relatively small in this study, these 304 small differences may be crucial for the final outcome of a race. Being aware that only a fraction 305 of a second divides the competitors in a sprint final, our data indicate that using a conservative 306 pacing strategy when possible would benefit the majority of skiers. 307 308 We did not examine the deeper mechanisms related to the rate of fatigue, such as force production 309 or muscle activity patterns, during the different skiing styles or pacing strategies in the current 310 study. This is indeed a limitation of our approach and such factors should be examined in follow-311 up studies. A further limitation is the relative low sample size, requiring valid and reliable data to 312 provide robust conclusion. Therefore, we do not provide data on more detailed temporal patterns 313 and solely include variables where we are sure that observed differences are larger than the typical 314 variation. 315 316
Conclusions 317 318 The findings in this study highlights the importance of being able to combine a high V max with a 319 high fraction of V max in the finish-sprint both in DP and G3 skating and independent of pacing 320 strategy. Although the main factor for reduction in speed in the finish-sprint was cycle rate, slower 321 skiers might benefit from increasing cycle rate in DP and cycle length in G3 skating in order to 322 sprint faster at the end of a race. This difference between the styles is of importance for coaches 323 and athletes to be aware of, both when aiming to increase V max and prevent negative effects of 324 fatigue on speed. Table 1 . Performance and physiological characteristics of 12 elite male cross-country skiers during 1.4-km sprint time-trials (STTs) ending in an 80-m finish-sprint using the classic (double poling) and skating styles with conservative and positive pacing strategies, respectively (mean ± SD). 
